Satellite radar interferometry is a well-documented technique for the characterization of ground motions over large spatial areas. However, the measurement density is often constrained by the land use, with best results obtained over urban and semi urban areas. We use an implementation of the Small Baseline Subset (SBAS) methodology, whereby areas exhibiting intermittent coherence are considered alongside those displaying full coherence, in the final result, to characterize the ground motion over the South Wales Coalfield, United Kingdom. 55 ERS-1/2 Synthetic Aperture Radar (SAR) C-band images for the period between 1992 and 1999 are processed using the ISBAS (Intermittent Small BAseline Subset) technique, which provides 3.4 times more targets, with associated measurements than a standard SBAS implementation. The dominant feature of the observed motions is a relatively large spatial area of uplift. Uplift rates are as much as 1 cm/yr. and are centred on the part of the coalfield which was most recently exploited. Geological interpretation reveals that this uplift is most likely a result of mine water rebound. Collieries in this part of the coalfield required a ground water to be pumped to enable safe coal extraction; following their closure pumping activity ceased allowing the water levels to return to equilibrium. The ISBAS technique offers significant improvements in measurement density ensuring an increase in detection of surface motions and enabling easier interpretation.
INTRODUCTION
One of the major drawbacks of conventional Persistent Scatterer Interferometry (PSI; e.g., [10] ) or Small Baseline Subset (SBAS; e.g., [2] ; [18] ) techniques for processing stacks of satellite Synthetic Aperture Radar (SAR) images is that generally only urban and rocky areas yield results. This can often give an incomplete view of the spatial extent of deformation and, in many cases, may not detect the deformation at all. This paper presents results of a newly modified implementation of the SBAS processing methodology, known as Intermittent Small Baseline Subset (ISBAS), which was developed at the Nottingham Geospatial Institute of the University of Nottingham [30] . This technique differs from a standard SBAS approach as pixels within the input radar stack which are only coherent for subsets of the total time period to be processed are considered along with those deemed to be coherent throughout the time period processed. This approach provides greater spatial coverage and therefore a fuller picture of ground deformation patterns, and has been tested for monitoring ground motions in non-urban and rural areas of the UK, Italy and Indonesia [7] [24] [25] [26] [31] , and a range of applications including landsliding, mining-related subsidence and uplift in UK coalfields, and changes in surface elevation of blanket peat.
The novel ISBAS approach has been applied to an area in South Wales covering the urban areas of Cardiff and Swansea along with much of the South Wales Coalfield, typically covered by rural land use including some small towns. This study site was chosen, with input from geologists working in the area [23] who suspect a complex history of ground deformation related to mining and post-glacial stress relief ( [12] [20] [16] ), as well as based on the nationwide InSAR (SAR Interferometry) feasibility mapping assessment carried out by the British Geological Survey (BGS) in the project "Assessing the feasibility of InSAR for nationwide monitoring of geohazards in Great Britain: first applications to landslide hazards" [5] , [6] , [8] . The latter showed potential for the application of InSAR techniques to monitor ground motions over the coalfield, and good likelihood to retrieve moderate to high densities of radar scatterers and coherent targets over the various land cover types of this area.
South Wales represents an area in which a relatively low measurement density would typically be expected from InSAR techniques due to the land cover, land use and topography (Figure 1b ) [5] , [8] . Typically InSAR ground motions derived from techniques such as SBAS and PSI show the maximum measurement density in urban areas. Urban areas in South Wales cover approximately 7% of the processed image and are largely confined to the urban centres found along the south coast, such as Cardiff and Swansea, and the mining towns found in the bottom of the deeply incised valleys to the east of the coalfield [8] . Approximately 93% of the processed area is covered by rural landuse types of which the main uses are grasslands for animal grazing, moors and heathlands and non-irrigated arable lands (Figure 1b) [13] .
The BGS expect ground motions relating to elastic rebound resulting from excavation and post-mining groundwater rebound [22] [12] , mass movements on the steep sided valleys, and compression and consolidation of normally-consolidated Quaternary deposits and artificial deposits. Previous studies have shown similar types of motions within former coal mining areas in the UK, for instance in Stoke-on-Trent [11] [17] , Durham and Northumberland [1] , and the South Derbyshire and Leicestershire Coalfields [30] ), as well as overseas, for instance in south Limburg (The Netherlands) and across Germany and Belgium [9] , with observed annual rates of ground uplift as high as a few centimetres per year. This paper will present the first ISBAS results for South Wales and compare them to standard SBAS results. We will examine the relationships between the causative factors, in particular the timing of coal extraction and mine water pumping histories of these mining sites.
Geological stratigriphy and structure of the South Wales Coalfield
The South Wales Coalfield is an E-W trending syncline divided by a major NE-SW trending fault system (Neath Valley Disturbance), which effectively forms two sub-basins, the eastern being shallower than the western and containing two subsidiary synclines. The western crop contains high-grade Anthracite coal but is buried to up to 2km, thus limiting development of the coal industry to the periphery of the basin [21] . The eastern crop contains two subsidiary flexures, separated by the E-W Pontypridd Anticline, the narrow Llantwit-Caerphilly syncline in the south and the broad Gelligaer syncline to the north. Many NW-SE trending Variscan fault structures cross the basin and E-W trending low-angle thrust faults occur at the northern tip of the Variscan Trust Front in the south east Controlling high groundwater flows proved a constant engineering challenge, particularly in the east where fractured bedrock and deep valleys allow rapid recharge of the coal measures aquifer [27] . To counter this problem ingenious pumping schemes were developed and disused deep shafts and infrastructure were commonly converted to provide ventilation for connecting collieries resulting in interconnection of some deep mines, such as Bwllfa ( Figure 7 ). Most pumps have now been turned off allowing groundwater levels to rebound to equilibrium levels.
Likely ground motion mechanisms
Extraction of shallow coal often causes local subsidence through collapse of mine workings and compression of goafs, while large scale extraction of deep coal causes regional-scale subsidence. Subsidence below slopes is also expected to cause local stress relief and dilation of rock masses in slopes [20] . Dewatering causes an increase in vertical effective stress, leading to primary and secondary consolidation of clays and mudstones, settlement and subsidence [33] . Post-extraction groundwater rebound partly reverses the situation by reducing vertical effective stress, effectively removing a surcharge, and this stress path is expected to cause minor elastic rebound and localscale uplift [22] . The re-saturation of clays or mudstones by rising ground water will also lead to swelling and volume increase or ground heave, potentially another cause of uplift. These forms of ground motion behaviour are difficult to distinguish, and expensive to measure on a regional scale using traditional topographic surveying techniques, however, new remote sensing methods, such as ISBAS, may offer a viable alternative for long-term regional-scale monitoring of shallow crustal rebound. A subset of the full image frame was selected to cover the area of interest, by clipping the co-registered scenes to the range interval 500-4,800, and azimuth interval 8,500-23,500, by reducing the size of the processing area to 4,300 pixels in range, and 15,000 in azimuth, which corresponds to ~5,200 km 2 (~4,300 km 2 land only, and ~900km 2 water) area on the ground (Figure 3b ). Multi-looking factors of 4 and 20 were then employed to increase the phase signal quality and reduce radar speckle, and this increased the corresponding size of the image pixels on the ground to ~100m.
The resulting average coherence of the processed subset was generally quite low, with the majority of the scene showing very low coherence values (i.e. between 0 and 0.25) and only built-up areas of Cardiff, Swansea, Barry and Bridgend, and several small villages along the valleys of the coalfield showing higher coherences (i.e. between 0.25 and 1; see Figure 3b and Figure 4b ).
ISBAS processing implementation
Based on the 55 multi-looked scenes, a set of 271 multiple-master, small baseline interferograms was generated by employing a perpendicular baseline threshold of 200m, and a temporal baseline threshold of 4 years (Figure 3a) , to minimize the presence of temporal and spatial phase decorrelation components in the generated interferograms
and enhance phase quality of the processed pixels (hence coherence). Despite the presence of temporal gaps in the stack between 1993 and 1995, the small baselines characterizing the available scenes showed good density and level of redundancy in the resulting network of InSAR pairs across the entire monitored period, and all scenes were employed for the ISBAS analysis.
The threshold for the average coherence across all interferograms for the selection of the image pixels suitable for the conventional SBAS analysis was set to 0.25. For the implementation of the ISBAS approach this value was used as a threshold to select coherent pixels within each interferogram, so that for each image pixel, only those interferograms showing coherence higher than 0.25 were kept for the subsequent processing steps, provided that the number of coherent layers for those pixels exceeded 50, which was used as threshold for the selection of intermittently coherent targets (see also [30] ). This threshold allows a trade-off between uncertainty in the ISBAS solutions and spatial coverage of results to be adopted.
Initial topographic information for the processing area was extracted from the 90m resolution Shuttle Radar Topography Mission (SRTM) Digital Surface Model (DSM) made available by NASA [14] . The reference point location to refer all ground motion estimates to was set in Cardiff at the location [51.51N, -3.20E], within an area of high interferometric coherence across all small baseline interferograms that has also low susceptibility to natural geohazards, according to the BGS GeoSure dataset [34] .
Computation of linear velocities was performed by following the methodology described by [30] , and based on differential interferograms which were unwrapped by employing the SNAPHU algorithm [3] . Height errors, atmospheric components and time series were also computed using spatio-temporal filters based on the deterministic characterization of the various phase components. The increase in spatial coverage afforded by the ISBAS approach offers significant advantages for the interpretation of ground motion. The improved density allows the identification of small areas of motion which fall in the gaps of the SBAS result, but it also allows the edges of displacement areas to be more accurately defined (and interpreted). This makes it easier to relate the results to other datasets and hence increases our understanding of the ground motion. Figure 6 shows an example of SBAS and ISBAS results related to the surface faulting.
Surface uplift
It is thought that uplift areas relate to mine water rebound prior to and during the observation period. During the period of coal extraction the majority of subsidence is due to collapse of workings, but additional subsidence is caused by the loss of pore pressure caused by dewatering which increases effective stress and causes consolidation and compaction, particularly clays and to a lesser extent in mudstones, loose silts and sands.
Subsequent re-pressuring of the aquifers through mine water rebound may cause an increase in pore water pressure, reduction in effective stress and elastic rebound, but only a fraction of the original subsidence. The main cause of the uplift is likely to result from a combination of factors such as volume increase due to decompression of the matrix of the Coal Measures aquifer and swelling of clay and mudstone materials with increasing water content.
The location of the uplift therefore relates to the structural configuration and physical properties of rock types in the South Wales Coalfield, the quality and depth of the coal resource, the timing of coal extraction and the requirement to pump water. The next sections explain these relationships.
Observed uplift
The majority of uplift occurs in the east of the coalfield, the area to the west of the Neath Valley Disturbance is relatively stable. The uplift observed in the eastern coalfield appears to be related to the structure of the coalfield ( Figure 5 ). The smaller area of uplift near Bedwas is located on the axis of the Llantwit-Caerphilly syncline, while the Bargoed uplift is on the flank of the Gelligaer syncline close to the deepest part of the eastern basin (Figure 1 ). Uplift therefore corresponds to areas of deeper coal worked from valley based collieries in the late 21 st Century.
The area of uplift around Bargoed, detailed in Figure 6 , coincides with the extent of surface faults. There appears to be a relationship between these orientations and marked changes in uplift rate ( Figure 6 ). It is thought that faults delineate the motion, particularly to the south and west, but these are not accommodating the motion. In the Bedwas, changes in uplift rate are coincident with the location of the faults ( Figure 6 ).
Directly northwest of Bargoed the uplift rate decreases gradually 'up dip' of the beds on the northern limb of the syncline ( Figure 5 ). This gradual change in uplift rate may be a consequence of the increased distance from the Bargoed cone of depression in relatively laterally homogenous and lesser faulted aquifer block. 
Relationship of uplift and the timing of extraction
The South Wales Coalfield has been mined throughout history (as discussed in section 1), early mining took place towards the edges of the coalfield and progressed towards the centre; it is within the centre that we observe the maximum uplift rates in the 1990's. From 1760 onwards industrial mining took place in the north-east of the coalfield [31] . It targeted the primary and secondary coal resources, which are characterised by thick closely spaced coal and thin widely spaced continuous coals respectively (Figure 2) . Coal mining at this time was driven by the Iron industry. It was not until the mid 1800's, when there was huge demand for coal to drive the steam engines of the industrial revolution, that the centre of the coal field, where uplift is now observed, started to be developed. Here the coal is deeper, and the seams are thinner, wider spaced and often discontinuous and interrupted by displacement along faults. A strong incentive was therefore required to develop this resource and coal production peaked during the First World War but continued, albeit in decline, in to the 1990's [31] .
By the early 1990's only 5 collieries remained active [32] . 
Water pumping
Although the coalfield to the east of the Neath Disturbance is shallower than to the west, it is wetter; there was an increased need to pump ground water to prevent it affecting the mines [27] . The coalfield thins towards the east and the deep faulted valleys found in this area allow greater recharge of the shallower coal measures. Pumping of active mine workings in the eastern area was therefore necessary for the safe operation of the mines, this was not as necessary to the west where lower relief and shallower mines kept the collieries dryer. As a result groundwater pumping rates for the 1949 to 1964 period significantly increase to the east of the coalfield. In fact east of a line drawn between Rhymney and Caerphilly there was a heightened risk of water inrush to the mine workings than in other areas within the coalfield. In this zone mine dewatering was able to reach high enough pressures that a burst could occur [27] .
Pumping locally affected the groundwater system, groundwater levels were only depressed in the immediate area around the mine or group of interconnected mines. Thirteen mine water ponds (or blocks) have been defined [19] , hydraulic interconnection exists within a pond, and therefore pumping within a mine will affect the water levels within adjacent mines the fall within the same pond. Adjacent ponds are separated until mine water reaches a given height when it starts to flow into the adjacent groundwater pond.
(a) (b) Figure 8 : ISBAS results overlain on pumping rate statistics of the former National coal board areas (a) and hydraulic ponds present within the coalfield. (b). Both images modified from [27] .
A relationship exists between the observed uplift, rates of pumping and defined mine water ponds; ponds with higher pumping rates in the 1949-1964 period exhibit higher uplift rates within the 1990's ( Figure 8 ). The highest uplift rates are seen in the ponds at the eastern end of the coalfield, with maximum uplift observed within the Bargoed pond. The eastern most pond has the second highest uplift rate and might represent mine water flow from the Bargoed pond into its eastern neighbour. The Bedwas uplift is constrained to the western boundary of the pond in which it sits. The more diffuse uplift observed to the west of the main uplift hotspot is effectively constrained by two further mining ponds.
Similarities exist with observations of ground motion in the Northumberland coalfield during the 2000's [1] .
Here uplift was also shown to be bounded by mining ponds (blocks), analysis of ground motion histories showed that the timing of uplift in each block followed the order in which water was thought to flow from one block to the next. These areas of uplift can therefore be attributed to an increase in pore water pressure brought about by the rebound of mine water levels following the cessation of pumping.
Due to the poor hydraulic interconnection of the eastern coalfield it is assumed that higher pumping rates lead to a greater rebound of mine/groundwater levels following the cessation of pumping. Mine water rebound rates will therefore be greatest within the ponds in which more water was extracted and recharge rate is high. Considering that an increase in mine water levels leads to an increase in pore water pressure, the above mechanism explains the observed higher rates of uplift within the eastern most mine water ponds.
CONCLUSIONS
InSAR is an effective tool for monitoring former coalfields. The ISBAS implementation of the technique increases its usefulness for rural areas, such as those present over many UK coalfields, where loss of coherence results in more limited results compared with more conventional methods.
Many of the expected ground motions in South Wales were identified by our ISBAS analysis for the seven year period between 1992 and 1999. The most striking of which is a large area of uplift, to the north of Cardiff in the eastern end of the South Wales Coalfield. This relates to the recovery of ground water levels following the cessation of mine water pumping which was necessary during active mining. In the absence of pumping data it is difficult to accurately infer previous mine water levels but it is assumed (drawing comparisons with the Northumberland coalfield [1] ) that pumps were turned off in the early 1990's leading to a steady rise in mine water levels. Ground motion in the South Wales Coalfield has implications for modelling mine water rebound and hence locations of discharge and pollution. Although the observed uplift is fairly evenly distributed, and should not cause significant building damage, city region scale deformation of this scale may impact long infrastructure such as drainage networks, pipelines, and other sensitive structures. Both groundwater rise and associated uplift may cause differential extensional and compressive ground strains that can dilate fractured rock masses, opening fissures and joints, altering hydraulic pathways and causing ground rupture along pre-existing faults. These factors may also affect slope stability and all are relevant to landslide management and land use planning, development and regeneration in the region [29] .
